This work studies hydrogenated amorphous silicon germanium films, deposited by hot wire chemical vapor deposition, to be used as low band gap absorber material in thin film solar cells. Material properties, such as the bonding configurations, the ambipolar diffusion length and the optical band gap, were examined as a function of the substrate temperature and germanium content. Our best materials were incorporated in single junction solar cells with high long-wavelength response and a tandem solar cell with an efficiency of 10.42%.
Hydrogenated amorphous silicon germanium (a-SiGe:H) is a low band gap semiconductor that can be used as active material in thin film silicon based solar cells. The direct nature of its band gap allows for the use of a very thin absorber layer and much shorter deposition times compared to microcrystalline silicon (μc Si:H). In the past, United Solar Ovonic has developed a-SiGe:H in triple junction solar cells [1] . However, the high defect density of low band gap a-SiGe:H films deposited by plasma enhanced chemical vapor deposition (PECVD), the occurrence of light induced degradation of devices with relatively thick absorber layers in particular and the high costs of Ge-containing source gasses, have thus far prevented a-SiGe:H in thin film silicon based solar cells to be viable. On the other hand, the amorphous nature of a-SiGe:H makes it easier to achieve conformal growth of thin films on rough or nanostructured surfaces than is the case with μc-Si:H. Combined with the relatively high deposition rate of hot wire chemical vapor deposition (HWCVD) as compared to PECVD, HWCVD a-SiGe:H is a feasible option for thin film silicon PV on textured light-scattering substrates. The recent developments in advanced light-scattering structures such as textures created with nano-imprint lithography [2] and naturally grown ZnO nanorods [3] , have motivated us to investigate whether a-SiGe:H HWCVD can be considered as active material for low cost thin film multijunction solar cells. Earlier work by NREL has shown that HWCVD produces a-SiGe:H material with superior quality compared to that deposited by PECVD, in particular for films with high germanium content. That work resulted in an 8.64% single junction cell without any band-gap profiling in the absorber layer [4] . In this paper we show that we have further advanced the performance of cells. In particular, an a-Si:H/a-SiGe:H tandem cell with HWCVD a-SiGe:H layer has been fabricated.
Experiment
All a-SiGe:H films in this study were fabricated by HWCVD using two parallel 0.3-mm diameter Ta filaments that were resistively heated to a temperature of 1700°C during deposition. Besides being heated by the filaments, substrates were heated at the back side using ex vacuo heating elements. Compared to our previous study [5] , the filament to substrate distance was reduced from 55 mm to 35 mm, allowing for higher reaction pressures and higher gas flows, and thus, lower gas depletion. We also altered our Ge source gas mixture to 30% GeH 4 diluted in H 2 instead of 10% in He, enabling a lower GeH 4 depletion and ruling out the influence of helium during the growth process. High purity SiH 4 was used as Si source gas. The processing pressure was kept at 2 Pa, and the pre-deposition background pressure was b10 −5 Pa. Generally for these films, a high deposition rate of 0.5 nm/s is obtained. For material analysis, films of 200 nm were deposited on both Corning EAGLE XG glass and natively oxidized polished c-Si wafers. The films deposited on c-Si wafers were used for Fourier transform infrared (FTIR) Thin Solid Films 595 (2015) 226-230 spectroscopy analysis with which the hydrogen concentration C H , microstructure parameter R ⁎ (the contribution of Si-H 2 bonds versus Si-H bonds) and preferential attachment ratio of hydrogen to silicon P Si (Si-H bonds versus Ge-H bonds, weighted with the Ge content) were determined using methods as described in our previous work [5] . Raman spectroscopy using a 514.5 nm Ar + laser was employed to derive the Ge content C Ge in the films; this method was calibrated with X-ray photoelectron spectroscopy [5, 6] . The thickness and optical constants of the films were determined with reflection and transmission measurements in combination with the O'Leary-Johnson-Lim model [7] . As a value for the optical band gap we use the photon energy E 3.5 , defined as the energy at which the absorption coefficient α is 10 3.5 cm −1 . For our films, the value of E 3.5 is similar to that of the Tauc band gap but its experimental determination is less ambiguous [8] .
In the characterization of the layers we put emphasis on the photoelectrical performance. For these measurements, two coplanar Ag electrodes were deposited by thermal evaporation. The photoconductivity (measured under AM1.5 illumination and in air ambient) and the dark conductivity (measured in vacuum), were used to determine the photosensitivity. The steady-state-photograting technique with a 10 mW/cm 2 HeNe laser was applied to obtain the ambipolar diffusion length L d , dominated by the length of the diffusion path of the photogenerated minority carriers [9, 10] . The current density-voltage (J-V) characteristics of solar cells is measured under a Wacom dual source solar simulator, calibrated to the AM1.5 spectrum.
Results and discussion

The influence of the substrate temperature
In order to investigate the effect of the substrate temperature, six a-SiGe:H films were deposited using various levels of additional ex vacuo heating at the rear of the sample, resulting in substrate temperatures varying between 220°C and 320°C. Preceding every deposition, the Corning glass and c-Si wafer substrates were preheated for 1 h in the reactor while being shielded from the heated filaments by a shutter plate. The precursor flows were set at 50.4 sccm of SiH 4 and 78.9 sccm of the GeH 4 diluted in H 2 . This resulted in films with an atomic Ge content of 55% ± 2%, showing no dependence on the substrate temperature. Fig. 1 presents the material parameters that do show a clear trend with the substrate temperature. The microstructure parameter R ⁎ , as measured with FTIR, shows a considerable decrease from 0.45 to 0.14 with increasing substrate temperature. The decrease of R ⁎ indicates that, as the substrate temperature is increased, less hydrogen is present in the form of SiH 2 or on the inner surface of voids in the material. This trend has also been observed in a-Si:H films and can be explained by the higher mobility of growth radicals at surfaces at an elevated substrate temperature, resulting in the growth of a more compact material [11] . Although R ⁎ is mainly associated with the quality of a-Si:H films and devices, the reduction of R ⁎ was also found to have a positive effect on the a-SiGe:H device performance in earlier work by NREL [4] . The decrease of C H from 14.4% to 7.2% shows that, as the substrate temperature increases, less hydrogen is incorporated in the material. We believe that this decrease is also the main reason for the optical band gap E 3.5 to drop by 0.1 eV. Since a thin film silicon based device partly relies on diffusion in order for the charge carriers to be collected, it is desirable that the ambipolar diffusion length L d in the intrinsic layer is close to the thickness of the intrinsic layer. As is shown in Fig. 1 , the increased deposition temperature causes the L d to be more than doubled, from a value of 42 nm, close to the detection limit, to a value of 95 nm. This boost in electrical quality seems to be related to the reduction of R ⁎ , as has also been observed for unalloyed a-Si:H films [11] . The material quality is thus significantly increased when using an elevated substrate temperature. And although these results would entice us to use the highest possible substrate temperature for the deposition of a-SiGe:H in our devices, also the thermal stability of the underlying (doped) layers and metal layers in the devices has to be taken into account. For this reason, we choose to deposit the remaining a-SiGe:H layers in this study at a substrate temperature of 272°C.
Controlling germanium content of a-SiGe:H
In the previous section, we have only considered a-SiGe:H films with a Ge content of approximately 55%. Next, we proceed by varying the GeH 4 gas flow ratio X GeH4 = [GeH 4 /(GeH 4 + SiH 4 )] in order to deposit films with various Ge contents. Earlier work on a-SiGe:H films deposited by HWCVD suggested that high depletion of the GeH 4 results in degraded material quality [4] . We therefore maximized the GeH 4 flow at every flow ratio X GeH4 . Fig. 2 gives an overview of Raman spectra of the Ge-Ge, Si-Ge and Si-Si TO phonons of a-SiGe:H in an entirely amorphous phase (270 cm −1 , 375 cm −1 and 480 cm −1 respectively) and FTIR spectra of the Ge-H, Si-H and Si-H 2 stretching modes (1880 cm −1 , 2000 cm −1 and 2090 cm −1 respectively). In between these two figure panels, the values of both the GeH 4 flow ratio X GeH4 and the corresponding Ge content C Ge are shown, the latter of which is calculated using the Ge-Ge, Si-Ge Raman TO peak intensities [6] . The values for C Ge and X GeH4 are not exactly linearly correlated, which indicates that Ge is preferentially incorporated in the a-SiGe:H films. This behavior can be explained by preferential dissociation of GeH 4 over SiH 4 due to the weaker bonding strength of Ge-H compared to Si-H, and by the lower mobility of Ge-H x radicals on the surface [12, 13] . As C Ge increases, the Raman and FTIR spectra show a smooth transition from contributions of Si bonds to those of Ge bonds. With increasing Ge content, the Si-Si TO peak position shifts to lower wavenumbers due to the nearby presence of the heavier Ge atoms. The Ge-Ge TO peak position follows an opposite trend.
The FTIR spectra, as shown in Fig. 2 , already provide qualitative insight into the development of the microstructure factor R ⁎ and the preferential attachment factor P Si [14] . Fig. 3 gives a quantitative overview of R ⁎ , P Si and other parameters as a function of the Ge content. R ⁎ reaches its maximum value of 0.30 when the Ge content in the films is approximately 50%. When even more Ge is incorporated in the film, the homogeneity of the material increases again and R ⁎ is reduced, reaching values that are lower than those reported for a-SiGe:H with similar C Ge deposited by PECVD [15, 16] . The preferential attachment of H to Si, that originates from the lower bonding energy of Ge-H compared to Si-H, increases with C Ge . This is undesirable, since high values of P Si have been associated with high concentrations of Ge dangling bonds [14] . On the other hand, the values of P Si are comparable to other values reported for a-SiGe:H deposited by HWCVD and are about a factor of 2 lower than values reported for a-SiGe:H deposited by PECVD [13] . The weaker Ge-H bond can also explain the decline of C H for higher C Ge , resulting in C H = 4.9% for the a-Ge:H film (C Ge = 100%). The optical band gap E 3.5 decreases almost linearly with C Ge , varying from 1.84 eV for a-Si:H to 1.05 eV for a-Ge:H. The photosensitivity drops drastically with increasing C Ge , mainly due to an increase in dark conductivity, which in turn can be explained by the decrease of the band gap. These values are in agreement with previously reported photosensitivities for both PECVD and HWCVD a-SiGe:H [13] . As expected, the ambipolar diffusion length L d also diminishes as the films contain more Ge. However, the value stabilizes at around 80 nm for C Ge N 60%, which is particularly useful for narrowbandgap solar cells. At the ultimate end of the composition range (C Ge = 100%), the photosensitivity of the a-Ge:H film was insufficient to measure the diffusion length properly. We believe that the reduced microstructure of films with high Ge content more than compensates the effect of the higher Ge dangling bond density. Still, L d of our films with the highest Ge content is approximately 3 times lower than that of our a-Si:H film. As we will demonstrate in the following section, this does not have to be an obstacle for the fabrication of low band gap a-SiGe:H solar cells, since the high absorption coefficients of low band gap a-SiGe:H allow for a greatly reduced thickness of the intrinsic layer.
a-SiGe:H single junction solar cells
We now turn to incorporating two different a-SiGe:H intrinsic layers into single junction n-i-p devices. Three types of devices were made using Asahi-U glass substrates, overcoated with Ag/ZnO:Al to replicate the typical morphology of Asahi U-type texture. A 27-nm thick a-Si:H n-type layer and a 26-nm thick nc-Si:H p-type layer were used, made by RF PECVD. As intrinsic layer, a 120-nm HWCVD a-SiGe:H layer with a 1.65 eV band gap or a 90-nm HWCVD a-SiGe:H layer with a 1.37 eV band gap was used. A 200-nm RF PECVD a-Si:H i-layer was used for a reference cell. The a-SiGe:H layers were embedded between thin a-Si:H PECVD buffer layers in order to reduce the defect density near the doped layers. The p-layer was deposited on a porous 1.8-nm buffer layer to provoke early onset of crystallinity. Pads of 80 nm thick sputtered tin-doped indium oxide (ITO) and 500-nm thick evaporated Ag contact grids define the cell active area of 0.13 cm 2 . We have explored the external quantum efficiency (EQE) under short-circuit conditions of the three different solar cells. Fig. 4 shows the increasing long-wavelength response in the EQE as Ge is added to the intrinsic layer and its band gap becomes narrower. Even with the relatively thick p-layers, causing parasitic absorption at short wavelengths, the EQE of the 1.65 eV and 1.37 eV band gap a-SiGe:H cells translates into high current densities of respectively 17.9 mA/cm 2 and 23.1 mA/cm 2 , compared to a current density of 14.3 mA/cm 2 for the a-Si:H reference cell. Furthermore, the device with the 90-nm thick a-SiGe:H layer and 1.37 eV band gap shows an EQE of 40% at a wavelength of 900 nm. This response at 900 nm exceeds that of the current world record efficiency μc-Si:H cell, which has an i-layer with a thickness of 1.8 μm. It should be noted that this PECVD layer requires a deposition time of over 3 h [17] . In contrast, the 90 nm thick i-layer of the HWCVD a-SiGe:H cell is deposited in 3 min only. For these a-SiGe:H single junction cells, no band gap profiling was applied and only limited effort was done to carry out the required optimization of the buffer layers and p-type layer. This is why the J-V characteristics for the 1.37 eV band gap cell shown in Fig. 4 were unoptimized (S-shape behavior).
a-Si:H/a-SiGe:H tandem solar cell
We fabricated a PECVD a-Si:H/HWCVD a-SiGe:H tandem cell. Again, the substrate used was an Asahi U-type glass with an Ag/ZnO:Al back contact. The bottom cell is similar to the single junction 1.37 eV band gap cell but this time band gap profiling was used at the back and front interface to avoid S-shape behavior of the J-V characteristics. The layer with the lowest band gap is 30 nm thick and positioned 15 nm from the i/p interface. The tunnel-recombination junction was finished by depositing a 20-nm nc-Si:H n-layer. The top cell absorber was a 200-nm PECVD i-layer. The top cell was completed by deposition of a 21-nm nc-Si:H p-layer, again on a 1.8-nm porous buffer layer. Finally, 80 nm ITO and an Ag grid were used. The J-V curve and the EQE of this tandem cell are shown in Fig. 5 . From the EQE it is immediately clear that the top cell is current limiting. Nevertheless, the initial efficiency of the device is 10 .42% (open-circuit voltage (V oc ) = 1.24 V, short-circuit current density (J sc ) = 12.3 mA/cm 2 , fill factor (FF) = 0.682). The short-circuit density J sc , as measured under the solar simulator, is higher than that derived from the EQE of the current limiting top cell. This discrepancy may be caused by current collection from outside the perimeter of the ITO window contact during the J-V measurement and a possible bias light dependency of the EQE [18] . We believe that the tandem cell performance can be significantly enhanced by improved photocurrent matching between the top and bottom cell, by incorporating SiO x doped layers, by using a more transparent front TCO, and by optimizing the light scattering substrate.
Conclusions
In this work, the material properties of a-SiGe:H films deposited by HWCVD have been studied. It is shown that the material quality of a-SiGe:H films with a Ge content of 55% was improved when the substrate temperature was increased from 220°C to 320°C. We found that the ambipolar diffusion length L d stabilizes at 80 nm for Ge contents larger than 60%. The optimized a-SiGe:H films were incorporated in n-i-p solar cells and an EQE value of 40% at a wavelength of 900 nm was realized. The i-layer of the cell has a band gap of 1.37 eV, a thickness of 90 nm and was deposited in just 3 min, which creates significant economic advantage with respect to cells deposited by PECVD. As a first attempt, an initial efficiency of 10.42% was demonstrated for a PECVD a-Si:H/HWCVD a-SiGe:H tandem cell. 
